Flow injection analysis (FIA) 
Introduction
The goal of On-line refers to an analytical system which takes a sample directly from the process stream and immediately begins the determination of the analyte [2] . An automated sampling system is used to extract the sample, condition it and present it to an analytical instrument for measurement [3] . It is possible to subdivide the on-line techniques into two categories [4] : intermittent methods that require injection of a portion of the sample stream into the instrument; and continuous methods that permit the sample to flow continuously through the instrument. Continuous on-line process analysis is the first technique to offer true real-time capability.
Different literature references mention the need for online analysis [5] [6] [7] [8] , as well as the corresponding theoretical remarks [9] . Nichols [10] introduces readers to online process analysis by focusing primarily on existing analysers or sensor technology.
On-line process analysers using spectrometric techniques are employed in industry for a variety of applications, most of them involving the selective measurement of the concentration of one or more components of interest.
Measurement is primarily made in the gaseous phase, but instruments are also available and have been successfully used for measurement in the liquid and solid phases.
Many of these applications and some of the commercially available equipment are described by Clevett [11] . In relation to subsequently led to the detection cell. The methods in this group can be further classified [16] according to whether they use air bubbles (SFA) [17, 18] or not (UFA), to avoid carry-over between successively injected samples. Unsegmented flow methods can be divided into those injecting (FIA) [19] or aspirating (CCFA) [20] the sample into the system. Flow injection analysis (FIA) has many features that should make it a valuable technique for on-line process control and may be considered as an on-line alternative to manual wet chemical analysis [21] .
The advantages of using FIA for process monitoring include: rapid change of methods, large throughput, realtime data acquisition, and the possibility of performing matrix modification [22] . The last two advantages are the most pertinent to process monitoring. Real-or near realtime data acquisition is critical to the efficiency of the process control system [23] . Matrix [25] . However, only a few relevant articles have been published about this highly competitive area of on-line process control [26] . Lizaro et al. [27] [28, 29] . Hardly any example so far deals with real process analysis. This is at least partly due tO problems associated with the design and construction of adequate sampling and sample conditioning systems [30] .
Some important requirements that the sampling system has to meet have been described by van [31 ] . Nichols 10] provides an interesting discussion of sample systems and points towards one of the major problems in implementing a process analyser. Several authors in other reviews deal with this problem [32, 33] . A review that includes a study of sampling systems available for on-line analysers used in quality control is presented by van der Linden [34] . Reversed [40] , and on-line brominations with on-line rFIA formation of bromine [3] . An iodimetric method for the determination of sulphite by online rFIA was used by Fogg [35] . On-line sulphate monitoring in water by rFIA was described by van Staden [41] . Many other examples are described in the literature [42] [43] [44] .
FIA/on-line sample treatment The use of ion exchange columns for trace preconcentration and interferent removal is one of the most widely used on-line technique in FIA systems.
Olsen et al. [45] showed that on-line trace enrichment in a flow injection system is extremely efficient. They used columns with Chelex-100 in a flow system connected to an atomic absorption spectrometer for seawater. Malamas et al. [46] A study of pH dependence has also been carried out [56] .
Practical considerations in the design of on-line preconcentration columns for FIA-Atomic Spectrometric systems and their application to Co determination in water was reported by Fang et al. [57] .
Zhang et al. [58] determined lead in different water samples (potable, river, ground water) with on-line preconcentration by an activated alumina column, and studied possible interferences due to Ca, Mg, Na and K.
The use of alternative organic-based material, including resin 122 [59] , immobilized quinolin-8-ol [60, 61] and tri(pyridylmethil)ethylene-diamine [62] has met with considerable success for this purpose. This column was also used for divalent and trivalent metals in water and phosphorus in steel [63] . On-line preconcentration on a Dowex A-1 resin is carried out by Wada et al. [64] for Ca and Mg determination in brine using spectrophotometric detection. The addition of triethanolamine and 2,3-dimercapto-l-propanol removes the possible interferences from Fe, A1, Cu, Zn and Mg.
Tracesof uranium in geological samples were spectrophotometrically determined with on-line separation and preconcentration using a Levextrel C1-5209 resin [65] . Anderson Yoza and co-workers [70, 71] studied the separation and determination of inorganic phosphates by applying an ion-exchange column in the flow-injection manifold.
Hirai et al. [72] , Yokoyama and Tarutati [73] , and Kuroda et al. [74] have determined silicates through the formation of 12-molybdosilicic acid. Narusawa and Hashimoto [75] proposed the separation of silicate, phosphate and arsenate with an anion exchange column installed in the flow-injection manifold. The simultaneous determination of the same analytes with on-line TSK-gel SAX column separation was described by Narusawa [76] in standard solutions. The same column was used by Narusawa et al. [77] for simultaneous determination of silicon and phosphorus in ashes of biological standard materials (bovine liver, chlorella and pepper bush). Devi The determination of selenium in copper alloys and nickel sponges was reported by Ikeda [79] . In this work, an on-line removal of transition metal interferences was accomplished by a minicolumn of a chelating resin with iminodiacetate groups before an AAS detection. Kamson and Townshend [80] used an anion exchange resin column for on-line removal of interferences from phosphate and sulphate in the determination of calcium. Other works using an on-line trace enrichment using FIA system and AAS or ICP detection are described for the determination of nickel [81] , non-metals [82] , mercury in waters [83] , Cu and Co in silicate rocks [84] , heavy metals in seawater [85] and Cu and Zn in water [86] . Many reviews have been published on this subject [87] [88] [89] [90] .
On-line separations using ion chromatography coupled with an FIA system have been described in the literature for F-and Ac-in fermented products [91 ] ,and for Co at pg/ml levels [92] .
Luque de Castro [16] [93] . Gallego et al. [94] indicated that over [120] reviewed flow injection systems involving on-line separation and preconcentration by gas-diffusion, ionexchange, and liquid-liquid extractions, and different applications are discussed.
Considering the great analytical interest in speciation studies, the development of an inexpensive on-line procedure for redox reactions using flow injection analysis is desirable and very useful [121, 122) ]. An automated flow-injection system for multispeciation using a microprocessor is described by Ruz et al. [123] . De Andrade et al. [124] propose an on-line oxidation of Cr(III) to Cr(VI) before the spectrometric determination of total chromium in standard solutions. Ce(IV) and peroxydisulphate ions were tested as possible on-line oxidants, the former being more convenient under the dynamic conditions of FIA. A silver reductor minicolumn is used by Faizullah and Townshend [125] in a flow injection system for reduction of copper(II) to copper(I) using bathocuproine disulphonic acid; spectrophotometric determination was used and no interferences were found.
A1-Sowdani and Townshend 126] describe a method for europium determination after on-line reduction with Zn minicolumn and either indirect spectrophotometric determination using iron(III) and 1,10-phenanthroline or spectrofluorimetric using cerium(IV). Indirect potentiometric flow-injection determination of silver was carried out by on-line destruction of the thiosulphate present in photographic fixing solutions [127] . Other authors have described the on-line reduction columns in a FIA system for nitrate and nitrite determination, especially in waters [128] , soil extracts [129] and vegetable tissues [130] . [132] . A rapid determination of total phosphorus in industrial waste waters, including a capillary digestor, was described by Aoyagi et al. [133] .
The method was based on peroxodisulphate digestion using a heated capillary tube containing a platinum wire, and subsequent spectrophotometric measurement of phosphate in a solution of ammonium molybdate containing malachite green. Tablets of vitamin C were dissolved on-line in an FIA system and this vitamin was determined photometrically with cloramine-T in the presence of a starch-potassium iodide solution [134] . Other on-line sample pretreatments using separation processes based on liquid-gas interfaces, such as distillation [137] [138] [139] and filtration [140, 141] , have been described in the literature. De Andrade et al. [122] used an on-line complex formation for the spectrophotometric determination of Cr(VI). The on-line generation of Brand its use in on-line bromation of organic compounds was described by Fogg et al. [3] . On-line formation of iodine from iodate, iodide and hydrogen ion and its spectrophotometric detection using normal and reversed FIA was developed by Fogg et al. [142] .
On-line derivatization has been coupled with FIA systems and applied to chloride determination [143] , bioanalysis in blood plasma [144] , enantiomers drugs and other nucleophiles [145] , secondary amines in nonaqueous solutions [146] and amino acid determination with on-line hydrolysis of proteins [147] .
Theoretical studies about on-line dilution using flow injection systems for inductively coupled plasma atomic emission-mass spectrometry detectors has been achieved by Israel et al. [148] . Experimental applications for online dilution of samples using flow injection systems have been referred to the literature [149] [150] [151] [152] , and manifolds for this task have been described and evaluated [24, 153, 154] [160] .
The use of automatic on-line systems for monitoring fermentation processes has been widely cited in the literature [11, [161] [162] [163] [164] [165] ; however, these authors have not mentioned FIA by name, but they talk about autoanalysers, especially those based on air-segmented flow [166] and which are commercially available [167, 168] .
Air-segmented continuous-flow automatic analysers, flow injection analysers and on-line HPLC systems for monitoring and control of biotechnological production processes have been discussed by Schiigerl [169] . The application of microbiological sensors in continuous monitoring of fermentation processes has been reviewed by Karube et al. [170] . Gas detectors in biotechnological processes have been mentioned by Mandenius [171] , and immobilization techniques on oxirane polymers for online FIA in bioindustrial chemistry were described by Scheper et al. [172] .
The on-line determination of enzymes in biotechnological processes is an important factor with regard to process development and optimization. At present, the most common enzymes are determined off-line in the laboratory after withdrawal of a separate sample. Wet chemical methods dominate in this field, mainly because enzymes have to be measured according to the reaction schemes which are catalysed by them. With FIA it should easy to develop automatically operated enzyme determination procedures, based on reaction schemes, which can be used for fast and efficient process monitoring. The current status of on-line enzyme analysis using flow injection techniques has been reviewed by Kroner [173] . The author described a recently developed sampling module based on membrane filtration, and its application to online enzyme determination examples in real fermentations.
The measurement of enzyme activity has been used as a direct control parameter for an optimal fermentation [174] . Most enzyme assays can be automated for on-line analysis by means of flow injection techniques [175] . Kroner and Kula [176] described a continuous flow analysis for the evaluation of alkaline protease during a fermentation process using a membrane separation and continuous sampling from the bioreactor prior to analysis (see table) . The Recktenwald et al. [177] , and all necessary modifications for the flow injection implementation were also reported. [194] . In spite of the advantageous aspects of FIA for on-line control process [195] 
